Abstract -The objective of this work was to determine soybean resistance inheritance to Heterodera glycines Ichinohe (soybean cyst nematode -SCN) races 3 and 9, as well as to evaluate the efficiency of direct and indirect selection in a soybean population of 112 recombinant inbred lines (RIL) derived from the resistant cultivar Hartwig. The experiment was conducted in a completely randomized design, in Londrina, PR, Brazil. The estimated narrow-sense heritabilities for resistance to races 3 and 9 were 80.67 and 77.97%. The genetic correlation coefficient (r g = 0.17; p<0.01) shows that some genetic components of resistance to these two races are inherited together. The greatest genetic gain by indirect selection was obtained to race 9, selecting to race 3 due to simpler inheritance of resistance to race 9 and not because these two races share common resistance genes. The resistance of cultivar Hartwig to races 3 and 9 is determined by 4 and 2 genes, respectively. One of these genes confers resistance to both races, explaining a fraction of the significant genetic correlation found between resistance to these SCN races. The inheritance pattern described indicates that selection for resistance to SCN must be performed for each race individually.
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Padrão de herança e critérios de seleção para resistência às raças 3 e 9 do nematóide-de-cisto-da-soja
Introduction
Soybean cyst nematode (Heterodera glycines Ichinohe -SCN) is a pathogen that affects soybean production worldwide with losses that reached 9 million tons in 1998 (Wrather et al., 2001) . Sources of resistance to SCN were reported first by Ross (Ross & Brim, 1957) . Three recessive genes were reported as responsible for resistance to race 1 in cultivar Peking (Caldwell et al., 1960 ). An additional dominant gene, that confers resistance to race 3 (Rhg4) and 4 (currently race 14) was found by Matson & Williams (1965) and Thomas et al. (1975 ), respectively. Later, Hancock et al. (1987 reported one more recessive gene associated with resistance to "race X". The resistance to race 3 in PI 88788 is conditioned by one recessive and two dominant genes, and in cultivar Peking and PI 90763 by one dominant and two recessive genes (Rao-Arelli et al., 1992) . Silva et al. (2007) found that the resistance to race 3 in cultivar Msoy 8001 is conferred by two recessive and epistatic genes, and resistance to race 14 in line S5995 is conferred by two recessive genes with duplicated action.
The use of resistant varieties is the safest and most economical method for an efficient control of this soybean pathogen. However, the high genetic variability exhibited by SCN (Riggs, 1961) and the restricted genetic base of soybean resistance make easy for this pathogen to break the resistance of available varieties (Dong et al., 1997) . Therefore, development of new cultivars resistant to several populations of SCN is a constant need. The development of these varieties in breeding programs depends on the existence of soybean lines carrying the genes for resistance to SCN in high frequencies.
Phenotypic selection of resistant soybean genotypes to population of several SCN races is expensive and difficult to achieve, but it is a required step in genetic improvement. Indirect phenotypic selection is a useful method for selecting soybean genotypes carrying resistance genes to several SCN races. That is, to practice selection for one race of SCN and to evaluate the magnitude of correlated response to another race of the same pathogen to develop soybean lines with broad SCN resistance.
The objective of this work was to determine soybean resistance inheritance to SCN races 3 and 9, and to evaluate the efficiency of direct and indirect selection for resistance to these races using 112 recombinant inbred lines (RIL) derived from a cross between resistant cultivar Hartwig and susceptible line Y23.
Material and Methods
A population of RIL segregating for resistance to SCN populations (races 3 and 9) was obtained from a single cross between line Y23 (susceptible) and cultivar Hartwig (resistant). Hartwig derives from the cross between Forrest x PI 437654 genotypes and appears to have retained most of the SCN resistance of PI 437654 genotypes (Vierling et al., 1996) . The F 2 plants obtained from five F 1 plants were selfed until the F 6 generation by the single seed descent (SSD) method (Brim, 1966) . The F 6:7 RIL were tested for resistance or susceptibility to SCN populations of races 3 and 9.
Two independent experiments to screen the RIL to SCN races 3 and 9 were conducted in a greenhouse, at Embrapa Soja, Londrina, PR, Brazil, in 2001, in completely randomized design comprising six replication and 112 treatments (RIL), in which RIL or genotypes were considered to be random. One plant growing in a 500 mL pot corresponded to one plot or replicate. Plants from each RIL, cultivar Hartwig, line Y23 and the soybean differential lines (cultivar Peking, cultivar Pickett, PI 90763 and PI 88788) as well as cultivar Lee 68 as susceptible control were included in each experiment.
Bioassays were carried out as reported by Concibido et al. (1994 Concibido et al. ( , 1996 and Schuster et al. (2001) with some modifications. Inoculum of both races were maintained on roots of cultivar Embrapa 20 grown in the greenhouse at 25-30°C. Populations of these races were considered to be near homogeneous as the original isolates were maintained isolated and reproduced for more than forty generations. Brown cysts and white females were retained on a 60 mesh sieve and disrupted in a tissue grinder to recover the SCN eggs. Seeds of each RIL were germinated in sand bed at 25°C and three-day-old seedlings were transferred to a 500-mL pot containing a mixture of sand and soil (1:2). After three days, each seedling (six from each RIL) was inoculated with 1,000 eggs of SCN, races 3 or 9. Plants were grown in the greenhouse at 25-30°C with a photoperiod of 16 hours of light and 8 hours of dark.
Thirty days after inoculation, plant roots of each RIL were washed with tap water and cysts were collected on 60 mesh sieves. In order to confirm the identity of the populations of SCN populations used, the female index (FI) for differential lines was calculated according to Riggs et al. (1988) as follows: FI = 100(mean number of cysts and females present on each differential lines/ mean number of cysts and females present on susceptible cv. Lee 68).
The FI for each RIL was estimated in a similar way: FI = 100(mean number of cysts and females present on each RIL/mean number of cysts and females present on susceptible line Y23).
The susceptible line Y23 was used in the FI estimation for RIL to evaluate differences between the parents of the RIL. In order to classify the 112 RIL in relation to their response to SCN races 3 and 9, the method proposed by Schmitt & Shannon (1992) was used.
Genotypes were classified as follows: resistant (R) (FI<10), moderately resistant (MR) (FI > 10 and FI<30), moderately susceptible (MS) (FI > 30 and FI<60), and susceptible (S) (FI > 60).
The phenotype data were not transformed, even though in some cases they did not present a normal distribution, because this distribution is not expected when the trait is controlled by relatively few genes with moderate effects (Doerge & Churchill 1994; Mutschler et al., 1996) . Furthermore, normalizing data through transformation might misrepresent differences among individuals by pulling skewed tails toward the center of the distribution (Mutschler et al., 1996) .
Phenotypic ( ) and genetic ( ) variances were estimated from the expectances of the mean squares:
; where GMS is the genetic mean square; EMS is the error mean square; and r is the number of replications. Narrow-sense heritability was estimated as . The genetic correlation between resistance to SCN, race 3 (R3) and race 9 (R9), was estimated as:
. The correlation coefficient was tested using the t-value estimated as: , with n -2 degrees of freedom and a level of significance of 1%, where n is the total number of RIL.
Selection gain to race j, by direct selection for race i, was estimated by the expression: . SG j(i) is the direct selection gain and SD j(i) is the indirect selection differential, obtained for race j, as the difference between the mean value of the population without selection and the mean value of the RIL resistant to race j , within the RIL resistant to race i. is the heritability (narrow-sense) for race j. The percent SG was estimated as: . The expression is the correlated response to race j, and SG will be, at most, equal to the direct gain in race i. The efficiency of indirect selection (SE i ) estimated as was used as an indicator of the race i efficiency of genotypes resistant to both SCN races. The number of genes controlling SCN resistance to races 3 and 9 was estimated using the chi-square test.
The Genes software (Cruz, 2001 ) was used for analyses of variance and estimation of the statistical parameters.
Results and Discussion
Number of females present on cultivar Lee 68 and average FI for each differential line inoculated in the experiment is shown in Table 1 . Differentials and susceptible control were used as monitor the SCN populations and their responses remained consistent while no race shifts occurred. The FI values distribution for each SCN race (Figure 1 A and B) shows that the resistance to SCN in soybean is a quantitative trait, as reported by other researchers (Mansur et al., 1993; Concibido et al., 1994; Webb et al., 1995; Yue et al., 2001) . Table 1 . Soybean cyst nematode (SCN) races used in the study and their mean female index on host differentials (1) .
(1) Based on the SCN race classification scheme (Riggs et al., 1988) , an individual is considered susceptible (+ reaction) if the number of females recovered on it is greater or equal to 10% of the number on the susceptible check; and resistant (-reaction) if the number of females recovered on it is less than 10% of the number on the susceptible check. The normality of the data was rejected for the two races according to the Shapiro-Wilk test, and were W = 0.9428 (p = 0.0000) and W = 0.8269 (p = 0.0000) for race 3 and 9, respectively. Probably, only a few major SCN resistance genes were segregating in the RIL population analyzed. Few major genes were associated with resistance to SCN according to other groups (Caldwell et al., 1960; Matson & Williams, 1965; Hancock et al., 1987; Mansur et al., 1993) . The mean FI of the parents, and the mean, minimal and maximal values for FI of the RIL population are shown in Table 2 . Transgressive segregation was detected for the response to races 3 and 9. This type of segregation is interesting for plant breeding because it allows selection on descendant individuals with a number of trait loci superior to the parents (Ramalho et al., 2000) .
Analysis of variance of the phenotypic data of the two SCN races, the corresponding means square as well as estimates of the different genetic parameters are shown in Table 3 . Genetic variance for the resistance to SCN among the RIL was significant according to the F test. The significant genetic variance among the RIL for both SCN races indicates resistance genes are segregating in the population making phenotypic selection for resistance feasible to both population of races 3 and 9.
Estimated narrow-sense heritability was 80.67% for race 3 and 77.97% for race 9 (Table 3) . Even though the heritability estimates depend on the genetic material and the method used (Falconer & Mackay, 1996) , there is good agreement between the heritability indexes verified in the literature (Hancock et al., 1987; Mansur et al., 1995; Schuster et al., 2001; Yue et al., 2001 ) and the ones obtained in this study. High heritability indexes found indicate that a few major genes are segregating in the population and the practice of phenotypic selection for resistance would be efficient for both races of SCN. Genetic correlation for resistance to both races (r g = 0.17) was statistically significant (p<0.01), showing that some genetic factors associated with resistance to both SCN races are jointly inherited.
In order to efficiently use indirect selection in a soybean breeding program for SCN, the proportion of resistant lines with resistance to population of one or both races must be evaluated. According to the Schmitt & Shannon (1992) method, each RIL was classified as resistant (R and MR) if the female index (FI) to either or both population was <30, and susceptible (MS and S) if FI was >30. The greatest estimates of GS%, GS I % and SE I % were obtained when selection was practiced for race 3. Selection for race 9 showed a GS of 57%, but this did not mean a genetic gain for resistance to race 3 (Table 4) .
Only one gene was necessary for a RIL to be classified as MR to race 9, whereas two were needed for a RIL to be classified as MR to race 3 (Table 5 ). The genes necessary for MR to race 3 are epistatic, that is, only plants with the two genes are MR to SCN. Because the (1) GMS: genotype mean square; EMS: error mean square; genetic variance; phenotypic variance; environmental variance; : narrow-sense heritability. **Significant at 1% of probability. Table 3 . ANOVA of the response of a soybean RIL population to races 3 and 9 of soybean cyst nematode (1) . Table 4 . Estimation of the genetic gain obtained by direct (SG, %) and indirect (GS I , %) selection and of the efficiency of indirect selection (SE I , %) for resistance to races 3 and 9 populations of soybean cyst nematode (1) . (1) : FI mean value in the original population; : narrow-sense inheritability; : FI mean value in the selected RIL population; SD: selection differential; SG%: gain by direct selection; SG I %: gain by indirect selection; SE I %: efficiency of indirect selection.
RIL is constituted by homozygous lines, it is impossible to know whether the genes are dominant or recessive (Schuster and Cruz, 2004 ). Table 5 also shows an analysis of inheritance of resistance to one of the SCN race when RIL was resistant to the other. The tests were quite consistent and indicated that genes necessary to make soybean lines MR to race 3 and race 9 are different, which can be verified in a combined analysis of these two races. Out of 112 RIL analyzed, 14 were R+MR for race 3 and race 9 simultaneously. It is exactly the expected segregation of three independent genes (χ 2 = 0.0; p = 100%) that is, one gene for race 9 and two genes for race 3.
Results indicates that the genes needed to confer MR to races 3 and 9 of SCN in the cultivar Hartwig were not common. Only one gene was necessary for MR to race 9, and it is independent if the RIL were or not MR to race 3. Similarly, two genes were necessary for MR to race 3, and it is independent if the RIL were or not MR to race 9.
This explains why a larger proportion of RIL MR to race 9 was obtained when direct selection was performed for race 3 and not in the opposite case. Therefore, it was not possible to obtain genetic gain for resistance to race 3 by selecting for resistance to the race 9 (Table 4) . Since only one gene was necessary for the RIL to be MR to the race 9, it is expected that half of the RIL population will be resistant to race 9, either when the RIL is selected as MR to the race 3 or when no selection is practiced at all. Similarly, it is expected that only one fourth of the RIL population will be resistant to race 3, either for the RIL selected as MR to race 9 or when selection is not conducted.
The results also explain why a larger coincidence is obtained among the susceptible plants than among the resistant ones (Table 5 ). These results are expected when one gene is necessary to give the RIL MR to race 9 and two epistatic genes are necessary to give MR to race 3. To be MR for both races, a soybean line needs to have three genes. If a line lost the gene for race 9 and one gene for race 3, it will be susceptible for both races.
To make a RIL resistant (FI<10) to races 9 and 3, two and four genes are needed respectively. That is, one additional gene for race 9 and two additional genes for race 3 were needed in order to pass from MR to R (Table 5 ). This is a clear evidence of additivity of the gene action for SCN resistance. At the same time, these genes are also epistatic, because all of the resistance genes may be present to confer SCN resistance Although only six RIL were resistant to race 3 (FI<10), it seems fairly probable that only one additional gene is needed to obtain resistance to race 9 if the RIL is resistant to race 3. That is, one of the two needed genes to make a RIL resistant to race 9 it also conferred resistance to race 3. Three additional genes are necessary for a RIL to be resistant to race 3 if it is resistant to race 9. That is, one of the four genes needed to make a RIL resistant to race 3 is involved in resistance to race 9.
A combined analysis of these two races can also be verified. Out of 112 RIL analyzed, 3 RIL were R (FI<10) for race 3 and race 9 simultaneously. It is adjusted to a ratio of 1:31, that in a RIL population means a segregation of five independent genes (χ 2 = 0.0653; p = 79.82%). Although resistance to race 3 is conferred by four genes, and resistance to race 9 is conferred by two genes, the combined resistance to these two races need five genes (and not six), because one gene is common for resistance to race 3 and race 9.
The ratio among the R (FI<10) and MR (FI>10 and FI<30) RIL also demonstrates that the difference Table 5 . Individual and combined inheritance resistance to soybean cyst nematode populations (races 3 and 9) in a soybean RIL population obtained from the cross between the resistant cultivar Hartwig and susceptible line Y23.
(1) In RIL, 1:1, segregation of one gene; 1:3, segregation of two epistatic genes; 1:7, segregation of three epistatic genes; 1:15, segregation of four epistatic genes. (2) FI>10 and FI<30. between R and MR is due to one gene for race 9 and two genes for race 3 (Table 5) .
For resistance to race 9 (FI<10), the hypothesis of three genes also could be accepted (p = 8.65). However, in this case, no other combined hypothesis could be accepted. It is also demonstrated that MR to race 9 is conferred by one gene, and the difference between MR and R is one additional gene, that is, the hypothesis of two genes for resistance to race 9 (FI<10) is the most probable, according to the combining analysis.
The presence of a common gene explains part of the significant genetic correlation for resistance of populations to both races of SCN. Figure 2 schematically postulates the distribution of genes involved in the resistance (R) or moderate resistance (MR) to races 3 and 9 of SCN. The postulation is that those genes must be considered in the following order: genes 1 and 2 are epistatic and confer moderate resistance to race 3. In the presence of these two genes, genes 3 and 4 confer complete resistance to race 3. Genes 3 and 4 are additive and epistatic to genes 1 and 2. That means that the four genes are needed to obtain complete resistance (FI<10) to race 3. Similarly, gene 5 confers moderate resistance (MR) to race 9 and in its presence with gene 4, acting in an additive and epistatic way, it confers complete resistance to race 9.
Additional experiments are needed to identify these genes. It can be hypothesized that gene 4 is rhg1, that is involved with resistance to many races of SCN. The hypothesis is that genes 1, 2 and 3 are race specific to race 3, and gene 5 is race specific to race 9. This approach will be used to other races, in order to understand the relationship with resistance genes to different SCN races, and to identify molecular markers to perform marker assisted selection specific for SCN races.
Conclusions
1. The resistance to SCN race 3 in the cultivar Hartwig is conferred by four genes: a pair of epistatic genes for MR (FI<30) RIL and an additional pair of additive and epistatic genes for R (FI<10) RIL.
2. The resistance to race 9 in the cultivar Hartwig is controlled by two genes, one of them is enough to make the RIL moderate resistant (MR) (FI<30) and the other one is needed for resistance (R) (FI<10); the second gene is one in the second pair of genes involved in the resistance to race 3.
3. The greatest genetic gain is obtained when selection is practiced on race 3 due to the simpler inheritance pattern of resistance to race 9 and not because both races have a common resistant gene.
4. To obtain genetic improvement of soybean for high resistance levels to races 3 and 9 of SCN, selection must be performed individually for each race. 
